Replication protein A (RPA), a component of the origin recognition complex, is required for stabilization of single-stranded DNA at early and later stages of DNA replication being thus critical for eukaryotic DNA replication. Experimental studies in colon cancer cell lines have shown that RPA protein may be the target of cytotoxins designed to inhibit cellular proliferation. This is the first study to investigate the expression of RPA1 and RPA2 subunits of RPA protein and assess their prognostic value in colon cancer patients. We analyzed immunohistochemically the expression of RPA1 and RPA2 proteins in a series of 130 colon cancer resection specimens in relation to conventional clinicopathological parameters and patients' survival. Statistical significant positive associations emerged between: (a) RPA1 and RPA2 protein expressions (P ¼ 0.0001), (b) RPA1 and RPA2 labelling indices (LIs) and advanced stage of the disease (P ¼ 0.001 and 0.003, respectively), (c) RPA1 and RPA2 LIs and the presence of lymph node metastasis (P ¼ 0.002 and 0.004, respectively), (d) RPA1 LI and the number of infiltrated lymph nodes (P ¼ 0.021), (e) RPA2 LI and histological grade of carcinomas (P ¼ 0.05). Moreover, a statistical significant higher RPA1 LI was observed in the metastatic sites compared to the original ones (P ¼ 0.012). RPA1 and RPA2 protein expression associated with adverse patients' outcome in both univariate (log rank test: Po0.00001 and 0.00001, respectively) and multivariate (Cox model: P ¼ 0.092 and 0.0001, respectively) statistical analysis. Statistical significant differences according to the expression of RPA1 and RPA2 proteins were also noticed in the survival of stage II (Po0.00001 and 0.0016, respectively) and stage III (P ¼ 0.0029 and 0.0079, respectively) patients. In conclusion, RPA1 and RPA2 proteins appear to be useful prognostic indicators in colon cancer patients and attractive therapeutic targets for regulation by tumor suppressors or other proteins involved in the control of cell proliferation. Modern Pathology (2007) 20, 159-166.
The proper functioning of the replication machinery is a prerequisite for the maintenance of genomic integrity. Thus, doubling of the mammalian genome is performed with an accuracy of only one misincorporation per 1010 bp. 1 In tumor cells, the accuracy of replication appears to be disturbed as not only numerous single-nucleotide mutations but also chromosomal changes are accumulated in the genome during tumor progression. 2 Replication protein A (RPA), a component of the origin recognition complex, is required for stabilization of single-stranded DNA at early and later stages of DNA replication being thus critical for eukaryotic DNA replication. 3, 4 Moreover, RPA is involved in DNA recombination and repair. [5] [6] [7] [8] Additionally, it has also been implicated in the regulation of apoptosis and gene expression. 9 Links between RPA and transcription have been postulated based on the observed interactions between RPA and Gal4, VP16, p53, Stat3, RBT1 and menin. [10] [11] [12] [13] [14] [15] This protein is present in cells as a heterotrimeric complex consisting of three subunits which, in order of decreasing size, have been designated as RPA1 (70 kDa), RPA2 (32 kDa) and RPA3 (14 kDa) .
another member to the growing list of cancer autoantigens known to play important role in cell proliferation. 20, 21 Moreover, experimental studies in colon cancer cell lines have shown that RPA protein may be the target of cytotoxins designed to inhibit cellular proliferation. 22 However, there is no previous study investigating RPA immunohistochemical expression in human colon cancer specimens.
The aim of the present study was to investigate the immunohistochemical expression of RPA1 and RPA2 subunits of the RPA protein in a series of 130 colon cancer resection specimens. Moreover, RPA1 and RPA2 expression was analyzed in relation to conventional clinicopathological parameters and patients' survival. 
Materials and methods

Patients
Processing of Specimens and Immunohistochemistry
Tissues were fixed immediately after removal in 10% buffered formalin and processed to paraffin wax. Four mm serial sections were cut from each specimen on superfrost plus glass slides and left to dry overnight at 371C. Immunohistochemical detection of RPA1 and RPA2 proteins was performed by standard streptavidin peroxidase method using the monoclonal antibodies anti-RPA1 (P70 subunit, NA13, oncogene) and anti-RPA2 (P32 subunit, NA18, oncogene) in a dilution of 1:50 for each antibody. To enhance antigen retrieval sections underwent microwave treatment (using 1 Mm EDTA PH 8.0). Staining for all antibodies was assessed blindly (ie without any knowledge of the clinical data) by two observers. Whenever a difference of greater than 5% between the two assessments was observed, slides were reviewed jointly and a consensus was reached. Nuclei from about 1000 tumor cells from systematically randomized fields ( Â 40) throughout the entire section were counted and the labelling index (LI) was calculated as the percentage of labelled nuclei out of the total number of tumor cells counted. Whenever heterogeneous staining was encountered, counting was performed in areas of highest density of labelled cells, identified at medium magnification ( Â 20), because it has been proposed that these tumor areas are most likely to be of biological significance. All clearly identifiable nuclear staining beyond background was recorded as positive for RPA1 and RPA2.
No lymphoid cells were included in the counts even though they expressed both RPA1 and RPA2. In 30 cases immunohistochemistry was also performed in lymph nodes with metastatic deposits in order to compare RPA1 and RPA2 expression in the original and metastatic site.
Statistical Analysis
The normality of distributions was tested with the Kolmogorov-Smirnov test. The Mann-Whitney and RPA2 expression) on clinical outcome (ie death of disease) was tested by plotting survival curves according to Kaplan-Meier method and comparing groups using the log rank test, as well as by multivariate analysis using the Cox regression model. Patients dying of other causes during the follow-up period were treated as censored data. In univariate analysis, the continuous variables (age, tumor size, RPA1 and RPA2 expression) were categorized on the basis of the median value. To avoid any 'data-driven' categorization, continuous variables were entered in multivariate analysis as continuous variables.
Statistical analysis was performed using the SPSS for Windows Software (SPSS Inc., Chicago, IL, USA). A P-value of less than or equal to 0.05 was considered indicative of a statistically significant difference.
Results
Immunohistochemical analysis in control normal human colon revealed that RPA1 and RPA2 immunoreactivity was present in colonic epithelial cells in the lower two-thirds of the crypts. An average of one to three positive cells per crypt was observed with nuclear localization. Positive cells were evenly dispersed and did not occur in clusters. In adenomas, most RPA1 and RPA2 immunoreactive cells were observed in the superficial mucosa, at the luminal surface of the polyps. A gradual increase in RPA1 and RPA2 immunohistochemical expression was observed as tissues evolved from normal to dysplastic and to invasive carcinoma.
In carcinomas, immunoreactivity for RPA1 and RPA2 proteins was seen in all cases ranging from 2 to 83%, with a median of 35 and 12%, respectively. The pattern of staining was mostly nuclear, although a faint cytoplasmic staining was seen in a few cases, which was disregarded as non-specific (Figures 1  and 2 ). Nuclear staining was strong to moderate in almost all cases investigated. Thus, grading of staining intensity using a semiquantitative method was not applicable. A strong positive correlation emerged between RPA1 and RPA2 expressions (Spearman's r ¼ 0.809, P ¼ 0.0001).
When analyzing the relationship between RPA1 or RPA2 expression and stage, a significant difference was registered, inasmuch as high stage tumors displayed a higher expression level than the remaining cases (Kruskal-Wallis test: P ¼ 0.001 and 0.003 for RPA1 and RPA2 and tumor stage, respectively) (Figure 3) . Moreover, RPA1 and RPA2 labelling indices (LIs) were significantly correlated with the presence of lymph node metastasis (MannWhitney U-test: P ¼ 0.002 and 0.004, respectively, Figure 4 ) and RPA1 LI with the number of infiltrated lymph nodes (Spearman's r ¼ 0.419, P ¼ 0.021). On the other hand, neither RPA1 nor RPA2 associated significantly with tumor size. An interesting finding of this study lies on the observation of increased RPA1 expression in the metastatic sites compared to the original ones (Wilcoxon signed ranks test: P ¼ 0.012). Finally, a significant positive association was established between RPA2 LI and increased grade of the disease (Kruskal-Wallis test: P ¼ 0.05, Figure 5 ). 
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Univariate survival analysis demonstrated that patients with high RPA1 and RPA2 LIs, categorized on the basis of their median values (ie 35 and 12%, respectively), had a significantly worse overall survival compared to patients with low RPA1 and RPA2 LIs (log rank test: Po0.00001 for each protein, Figures 6 and 7) . Mean survival time of patients with RPA1 LI less than 35%, was 173 months compared to 39 months of patients with RPA1 LI greater than 35% ( Figure 6 ). Two deaths were recorded among the 54 patients of the former group compared to 36 deaths recorded among the 50 patients of the later group ( Figure 6) . None of the patients with RPA2 LI less than 12% died from disease whereas 21 out of 37 patients with RPA2 LI greater than 12% were dead during the follow-up period (Figure 7) . In order to test the value of RPA1 and RPA2 as prognosticators in patients of the same stage category, we stratified patients according to stage and we performed survival analysis according to the expression of RPA1 and RPA2. Statistical significant associations emerged between high RPA1 and RPA2 LIs and poor overall survival of patients with stage II (Po0.00001 and 0.0016, respectively) as well as of patients with stage III (P ¼ 0.0029 and 0.0079, respectively) disease (Figures 8 and 9) .
In multivariate analysis (Cox regression model), RPA2 protein expression emerged as an independent 
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N Givalos et al predictor of survival (Po0.0001) along with stage of the disease (P ¼ 0.002) ( Table 2) . Moreover, an association of suggestive significance was established between RPA1 LI and patient survival (P ¼ 0.092) ( Table 2) .
Discussion
Evaluation of cell cycle regulators has gained special interest in the effort to increase the amount of prognostic information in malignant tumors. RPA is a highly conserved, single-stranded DNA-binding multisubunit protein complex involved in eukaryotic DNA replication, recombination and repair. 3, 5 Previous experimental studies in colon cancer cell lines have reported a reduction in DNA replication activity in parallel with the reduction of RPA1 protein suggesting a crucial role of RPA complex for the proliferative activity of colon cancer cells.
14 However, there is no previous study investigating the in vivo expression of RPA proteins in human colon cancer tissues.
In the present study, we have clearly demonstrated by immunohistochemistry the nuclear expression of RPA1 and RPA2 proteins in a series of colon carcinomas. This is in keeping with cell fractionation studies indicating that RPA is almost exclusively nuclear. 23 Moreover, a widespread expression was observed in agreement with the reported abundant RPA staining in breast cancer cells. 20 RPA protein overexpression in tumor cells does not seem to result from mutation of the encoding gene since Popanda et al 24 failed to detect amino-acid changes in the RPA and other DNA replication genes analyzed in patients with sporadic colon cancer. 25 The authors have suggested that this scarcity of mutations is due to stringent selection, eliminating functionally impaired replication proteins. 24 The mechanism of RPA1 and RPA2 protein overexpression in colon carcinomas merits further investigation. The significant association observed between RPA1 and RPA2 protein expression reflects the similar kinetics of these proteins, being upregulated in order to accomplish their potential proliferative task during cancer progression.
According to our results, both RPA1 and RPA2 LIs were significantly associated with advanced stage of the disease and lymph node metastasis suggesting a role of these proteins in colon cancer progression, probably explained on the basis of tumor growth selection for the most rapidly proliferating cells. This concept is further strengthened by the observation in our study significantly higher expression of RPA1 protein in the metastatic sites compared to the original ones. On the other hand, the apparent increase of DNA stabilizing proteins such as RPA1 and RPA2 in cancer, a situation characterized by Figure 7 Kaplan-Meier overall survival curves according to the immunohistochemical expression of RPA2 protein categorized on the basis of the median value (12%). Increased (412%) RPA2 expression is significantly associated with shorter overall survival (Po0.00001). RPA in colon cancer N Givalos et al increased destabilization of the genome, would appear to be contradictory. Indeed, apart from its crucial role in the proper functioning of the replication machinery, RPA protein is involved in DNA damage recognition and repair. RPA is a key factor of a highly versatile and sophisticated DNA damage removal pathway called 'nucleotide excision repair' (NER) that counteracts the deleterious effects of a multitude of DNA lesions. 8 Thus, one could postulate that the significant increase of RPA in carcinomas and particularly in high grade and advanced stage carcinomas might indicate a tendency to develop a feedback mechanism to come up to the increasing need for DNA repair synthesis. However, the exact functions of RPA1 and RPA2 during the neoplastic process merits further investigation.
The most interesting finding of this study lies on the survival analysis results. RPA1 and RPA2 proteins emerged as significant prognosticators of adverse outcome in univariate analysis. In multivariate analysis, RPA2 protein emerged as a significant independent predictor of survival along with stage of the disease whereas RPA1 also affected survival independently with a suggestion, however, valuable. The confirmation of the adverse prognostic effect of stage, a universally established prognostic factor, proves that our cohort was representative and that survival analysis was valid. The independent prognostic value of RPA2 protein might suggest an underlying mechanism by which changes in RPA2 could facilitate tumor progression. RPA2 is capable of complex formation with the tumor-suppressor protein p53 modulating the p53-mediated DNA damage checkpoint response by sequestering p53 and preventing the transcriptional activation of genes involved in DNA repair. 26, 27 It has been proposed that RPA2 overexpression might effectively inactivate p53, thus allowing cells with damaged DNA to proceed through the cell cycle. 20 Specific interactions have also been demonstrated between RPA2 and menin, another tumor-suppressor protein, whose gene-MEN1-is disrupted in multiple endocrine neoplasia type 1 and which is postulated to participate in the maintenance of genomic integrity. 15 However, further investigation The role of RPA1 and RPA2 proteins may not be restricted to that of prognostic index. Experimental studies in colon cancer cell lines have shown that RPA protein may be the target of cytotoxins designed to inhibit cellular proliferation. 22 It has been reported that tirapazamine (TPZ), a hypoxia-selective cytotoxin which is currently being examined in phase II and III clinical trials, greatly inhibits DNA synthesis and thus cell proliferation, through direct damage to or intracellular redistribution of RPA protein. [28] [29] [30] [31] [32] Using an in vitro DNA replication assay, Peters et al 22 observed that extracts from TPZ-treated colon cancer cells had a reduced ability to support in vitro DNA replication which was accompanied by a reduction in the levels of RPA. Addition of recombinant RPA restored replication activity to control levels. Consequently, the observation in this study indicates widespread expression of RPA1 and RPA2 proteins along with their prognostic implications for colon cancer patients, suggest that apart from their putative application as prognostic indicators, they could be an attractive target for regulation by tumor-suppressors or other proteins involved in the control of cell proliferation. 15 Indeed and as we mentioned previously, specific interaction between p53 and RPA is inversely correlated with the abilities of RPA to bind ssDNA and of p53 to bind transactivating sequences in the promoters of its target genes. 12, 26 This interaction is disrupted by UV, adozelesin and cisplatin and a correlation between RPA-p53-binding and RPA2 phosphorylation status has been observed. 33, 34 RPA2 has been shown to undergo cell cycle-dependent and damage-induced phosphorylation, and although the consequences of this phosphorylation are unclear, it may influence RPA conformation, DNA-binding characteristics, and/or its interactions with other proteins. 33, 34 In conclusion, the widespread expression of RPA1 and RPA2 proteins in colon carcinomas suggests that these proteins are implicated in colon cancer growth. Moreover, their association with advanced stage, lymph node metastasis as well as their increased expression in metastatic sites supports a role in cancer progression. However, the exact role of these multifunctional molecules in the neoplastic process merits further investigation. According to our results, RPA1 and RPA2 emerged as predictors of poor overall survival, implying that these proteins may prove to be useful prognostic markers in patients with colon carcinomas and especially in patients with stage II and III carcinomas. Finally, the role of RPA1 and RPA2 proteins may not be limited to that of a prognostic marker but may direct avenues of research and therapeutic interventions.
